Abstract -Space charge penetration into bulk of cable insulation is known as the cause of insulation breakdown thus affecting the cable power delivery capability. Penetration of packet-like positive space charge enhances local field and when the field increases up to 5 MV/cm before breakdown occurs. Exactly before the breakdown occurs, space charge penetration seems stagnant as it is prevented to penetrate further into cathode. The generated Maxwell force is assumed to press the free volume of the insulation thus reducing the size of the free volume itself. A pulsed-electroacoustic (PEA) equipment capable to press the sample up to 5 ton is developed. Sample used in this study is a 150 μm low-density polyethylene (LDPE) sheet. The sample is stressed with positive dc voltage so that the mean applied field is equal to 1.5 MV/cm. The range of pressure applied to the sample is from 0 MPa and 32 MPa. The penetration gradually reduces with the increase of pressure. Sample pressed with 32 MPa showed the least penetration depth as little as 5 % of the sample thickness. As a comparison, space charge penetration of sample with 0 MPa pressure is as depth as 85 % of the sample thickness. This shows that space charge penetration is restricted when sample is pressed. The result obtained shows that it requires at least 24 MPa to suppress space charge penetration.
I. INTRODUCTION Polyethylene (PE) insulated cable which is commonly known as CV cable in Japan is known for various voltage level such as Medium Voltage (MV) usage in distribution power network and High Voltage (HV) for transmission line network. This cable is exposed to various condition usually during service in underground. During a constant and controlled HVDC operation, the cable is exposed to a constant high electric field. From previous studies, it was understood that this high field may cause the injection/penetration of charges into the PE insulation of the cable [1] - [8] . Consequently, this process may interrupt the original electric field applied during operation. The interrupted field may be enhanced up to 5 MV/cm before insulation breakdown of the cable occurs. Through pulsed-electroacoustic (PEA) observation, the penetration of space charge seems stagnant when it reaches at the vicinity of counter electrode where electric field in the area enhances up to 5 MV/cm. It is known that Maxwell stress is generated during electric field application. Therefore, in this paper we investigate space charge distribution due to Maxwell stress produced during HVDC application by applying mechanical stress to the matrix of PE. The application of force to the PE may reduce free-volume of PE and restrict the movement of space charge in its bulk. Moreover, space charge behavior when mechanical pressure is applied on PE during HVDC application will also be discussed.
II. METHODOLOGY

A. Sample
A low-density polyethylene (LDPE) film made from pellets supplied by Sumitomo Chemical Ltd Corporation was used. The thickness of the film is hot-pressed to 150 μm and is coated with aluminum vapor (metal evaporation method) as ground electrode. A semi-conductive electrode is used as HV electrode.
B. Pulsed-electroacoustic (PEA) system
PEA system as shown in figure 1 was developed for this test equipped with 5 tons press capability press tools. However, experiment was not carried out up to 5 ton as a lower pressure already shows influence the space charge behavior. The sample will be stressed under positive HVDC for 30 minutes.
C. Procedure
The sample is stressed with electric field of 1.5 MV/cm for 30 minute. During this time, the sample will be applied to mechanical stress by the press tool. Pressure will be applied from 4 MPa to 32 MPa. Sample thickness will reduce when external force is applied
The thickness of the samples prior applying the electric field. Figure 2 shows the relationship between mechanical pressure applied and sample thickness. It is understood from this figure that the sample thickness decrease significantly with applied mechanical pressure. Voltage application will be based on this data so that the applied field will be 1.5 MV/cm. During Figure 1 PEA setup for applying mechanical stress pressure experiment, voltage will be applied to the sample so that the absolute electric field applied on the sample during mechanical pressure application will be 1.5 MV/cm.
III. RESULTS 
B. 8MPa
Figure 3(b) shows space charge penetration under 8MPa. At this pressure, the thickness of the sample is reduced to 130μm. In this figure, the penetrated space charge intensity is reduced in comparison with that in figure 3 (a) where no pressure is applied. From 0 to 10 minutes, there is only slight penetration of positive space charge packet can be observed. It is obvious that when no pressure is applied as in figure 3(a) , the charge density increases up to at least 200 C/m 3 , but in figure 3(b) the penetrated charge density reached only 100 C/m 3 at maximum value throughout the experiment. Even the penetrated space charge density increases with the increase of time, they are approximately 50% from what can be seen in the case where no pressure is applied.
C. 16MPa
Figure 3(c) shows space charge penetration under 16MPa of mechanical pressure. This is where the influence of pressure can be seen so obvious. The positive space charge packets are having difficulty in penetration into bulk of LDPE from the beginning until the end of voltage application. The last 10 minutes of the experiment shows a slight penetration of positive space charge and the penetration depth is as shallow as only 40% of the depth of the sample. Figure 4 shows the maximum electric field calculated from the obtained space charge data. It is easily understood the increase of pressure reduced the maximum electric field in the bulk. This is due to the reduction in charge penetration into the sample. Figure 5 shows the relationship between penetration depth and the applied mechanical pressure. This figure shows a significant decrease in penetration depth when mechanical pressure is applied to the sample during voltage application. The decrease in penetration depth has a linear form when pressure is decrease from 0 MPa up to 24 MPa. From 24 MPa to 32 MPa, the gradient of the decrease is reduced. This might be attributed to the limitation an LDPE sample can be pressed. At 32 MPa, the thickness of 150 μm LDPE sample is reduced to 90 μm as shown in figure 2 . At this point, the density of LDPE may be comparable to high-density polyethylene (HDPE).
D. Maximum electric field
As a comparison, another sample with 200 μm thickness is pressed with 15MPa force to reduce its thickness to 150 μm. Space charge observation of the sample reveals that no charge penetrates into the sample. In addition, the intensity of space charge is also reduced significantly compares to that without press. This is shown in figure 6 and the color bar range is similar to figure 3 . This shows that whenever a sample is pressed with a sufficient force, regardless of its thickness, space charge penetration can be restricted.
E. Maxwell stress calculation
Maxwell stress can be expressed by the following equation:
where ε0 is the permittivity in space and εr is the permittivity in material (LDPE=2.3). By using this equation, the calculated for that can be generated by an electric field can be calculated. Electric field of 5MV/cm is used in this calculation as it is the highest field prior to electrical breakdown of a LDPE material. This calculation yields force or pressure as low as 2.54 MPa. In other words, there is only 2.54 MPa of pressure generated by 5 MV/cm electric field where the penetration of space charge seems stagnant. This calculation shows that it is not in agreement with the results obtain in this experiment where a much higher mechanical pressure (16 MPa) than 1.1 MPa is needed in order to prevent the space charge penetration process.
Other researchers [8] explain that the high field region where the charges seems stagnant is due to the existence of 2 different conductivity zones, which are: 1) Zone 1-is a region which is passed by the space charge packet. They characterized zone 1 as a high conductivity area. Trap sites in this zone are filled with charges during penetration of that space charge packet. As a result, successive charges are allowed to pass through zone 1 easily without being trapped thus increases packet-like space charge density. 2) Zone 2 -is a region with very low conductivity with area in front of the space charge packet. Trap sites in this zone are unfilled. These penetrating space charges are trapped in this region thus preventing them to penetrate further.
However, it is still unclear on why the charge seems stagnant near the counter electrode. Therefore, new idea on calculation and explanation than this is needed to explain the phenomena observed in this experiment. It is very interesting to observed space charge penetration can be reduced by applying mechanical pressure to the sample.
IV. CONCLUSION The whole idea of this experiment is to understand why positive packet-like space charge seems stagnant near the cathode after a certain time when the absolute electric field in front of the space charge is as high as 5MV/cm. Earlier assumption made is a Maxwell stress generated by the high electric field is able to quench or press the free volume causing the reduction of size in free volume itself. This is based on another assumption that space charge travels towards counter electrode is through the free-volume itself. Even though in the experiment, the quenching of free volume by the external force was not physically observed, it is proved that space charge penetration can be controlled by applying mechanical pressure on the sample. However, the it is still unclear how to relate the relationship of electric field and mechanical pressure properly.
Following is the summary of this paper:
1. Mechanical pressure applied to the sample succesfull in resricting the penetration of space charge. 2. At 8 MPa of mechanical pressure, penetration depth of space charge is reduced to 70 % and at 16 MPa, the penetration is further reduced to 40 %. The increase in mechanical pressure at 24 MPa and above only allows space charge to penetrate up to 10 % of Figure 5 Relationship between normalized penetration depth and pressure Figure 6 space charge penetration behavior in 200 μm LDPE sample pressed with 15 MVa the depth. The reduction of charge density can also be observed along the the penetration depth.
